Oxidative stress mechanisms are involved in hepatotoxicity. The liver is reported to be affected by bisphenol A (BPA) in animals studies and has been also reported to possess hepatic toxicity. This study aimed to examine association between liver health status and the effects of BPA on the antioxidant defense systems and liver biomarkers. BPA (0, 2, 10, and 50 mg/kg) body weight was mixed in corn oil and intraperitoneally administered every forty-eight hours for 30 days in dose-dependent manner. There was no significant difference between the body weight and weight of rat liver in BPA-treated groups and control groups. The study results show that the levels of malondialdehyde (MDA) and hydrogen peroxide (H 2 O 2 ) increased after exposure to BPA. However, the antioxidant enzymes catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-PX) were significantly ( < 0.001, < 0.05, and < 0.001, resp.) decreased at 50 mg/kg dosage. Liver markers activities such as lactate dehydrogenase (LDH), glutamic-oxalacetic transaminase (GOT), and glutamic-pyruvic transaminase (GPT) were significantly increased, while -glutamyl transferase ( -GT) activity was decreased. BPA exposure increased activity of liver biomarkers indicating liver hyperactivity. Analysis of the liver section provided essential evidence of liver apoptosis. Moreover, BPA may lead to induced toxic response of liver oxidative system.
Introduction
Bisphenol A [2, 2-bis (4-hydroxyphenyl) propane] (BPA) is one of the highest volume chemicals produced worldwide, and human exposure to BPA is thought to be ubiquitous [1] . BPA is suspected to be an endocrine-disrupting chemical, an important component of polycarbonate and epoxy resins. It is mainly found in the composition of a wide variety of polycarbonate plastic, flame retardants, dental sealant resins, and liners for food packaging.
In the last decade, several studies demonstrated the toxicity of BPA even at low doses. Studies have shown that BPA can cause injury in the liver, kidney, brain, epididymal sperm in rodents, and other organs by forming reactive oxygen species (ROS) [2, 3] . ROS have been shown to play an important role in the defense mechanisms against pathological conditions but excessive generation of free oxygen radicals may damage tissues and also damage proteins, leading to the structural alteration and functional inactivation of many enzymes and receptor proteins involved in cell signaling [4] . However, epidemiological studies of BPA are still subject to controversy. Due to increased concerns over the safety of BPA, its presence has been prohibited in plastic bottles for infants by Health Canada (2009), the European Union (2011), and the US Food and Drug Administration (FDA) (2012) and will be totally abolished in France by 2015 in food containers [5] .
BPA toxicities have focused on reproductive effects [6] [7] [8] . Besides its inherent effects on the endocrine system, [9] , BPA is also known to inflict oxidative stress by affecting vital organs in humans [10] . Furthermore, some research also showed that the elevated levels of ROS result in oxidation of cellular components with unsaturated fatty acids and else induce cell apoptosis and degeneration [11] . The liver is the major organ for the metabolism and detoxification of xenobiotic, including BPA. Specific estrogen receptor exists in the liver, and cellular responses involving estrogen interactions 2 Advances in Toxicology have been identified. In rat, BPA is glucuronidated by liver microsomes and that the glucuronidation is mediated by UGT2B1, an isoform of UDP-glucuronosyltransferase. Glucuronidation is the major metabolic pathway of the chemical, as demonstrated in primary cultures of rat hepatocytes. After glucuronidation, the resultant glucuronide is excreted mainly into the bile in rat male and nonpregnant female [12] . The major excretory conjugate is BPA-glucuronide rather than sulphate, because the sulphate is undetectable in rat urine after the oral administration of BPA [13] . ROS are scavenged by the endogenous antioxidant defense system, including superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH-Px) in cells. The phenolic compound such as BPA is known to cause abnormalities, DNA damage, and genotoxicity [14] in the liver of rats and mice [3] .
Therefore, it has been established that the early environmental stress during developmental stages could cause persistent changes in mitochondrial activity of nonhuman primates [15] , which highlights the influence of early exposure for development of disease later in life. Taken together, these findings above lead us to hypothesize that early BPA exposure may affect the susceptibility of liver injury in adulthood. Manifestation by apoptosis in liver tissues and related ROS generations in the process are yet to be determined. Lee et al. reported that urinary concentration of BPA was associated with abnormal liver function in human [16] . A recent crosssectional human study of 1455 Americans demonstrated a statistically significant association between higher BPA concentrations and abnormal concentrations of the liver enzymes, that is, -glutamyl transferase ( -GT), alkaline phosphate (ALP), and lactate dehydrogenase (LDH) [17] . In addition, BPA can cause apoptosis by the induction of adenylate kinase activation, TNF-alpha gene expression [18] , and dysregulation of Ca 2+ homeostasis, ROS [19] . However, the mechanisms of the adverse effect of BPA on liver function abnormality and apoptosis are not yet completely understood. The purpose of the present study was to evaluate the relationship between BPA exposures and suggest possible mechanisms for liver hyperactivity, such as oxidative stress and direct apoptosis in liver tissues. The animals were housed in plastic cages under a wellregulated light and dark schedule (12 h light : 12 h dark) at 24 ± 3 ∘ C, humidity (50 ± 5%) environment, and free access to chow and tap water ad libitum. The doses and time used for the present study were derived from published data [20, 21] and the result of our preliminary experiment. The rats were randomly divided into four groups, each group containing six rats. Each group was fed different doses of bisphenol A (0, 2, 10, and 50 mg/kg) body weight, respectively, in corn oil every forty-eight hours by intraperitoneal injection for 30 days. After 30 days of treatment, the rats were sacrificed. Ethical clearance for the use of animals in the study was obtained from the Institutional Animal Ethics Committee prior to the initiation of the study, and the experiments were performed in accordance with the guidelines for the Care and Use of Laboratory Animals published by Ministry of Health of China (Approval ID: 2011-s2456).
Materials and Methods

Chemicals and
Necropsy.
Twenty-four hours after the last dose, the animals were sacrificed; liver was removed cleaned from adhering fat and connective tissues and weighed. The liver was quickly frozen at −70 ∘ C for later use for biochemical assays.
Enzyme Extraction and Assay.
The liver was homogenized using lysis buffer (containing 1 mM Na 2 EDTA, 150 mM NaCl, 10 mM PMSF, 10 mM Tris, 1 mM Aprotinin) to evaluate oxidase stress following the protocol of assay kit (Jiancheng Bioengineering Ltd., Nanjing, China). All operation was done at 4 ∘ C. Protein concentrations were determined using a BCA kit (Pierce, Rockford, USA) that employed serum albumin as a standard.
Marker Enzymes.
Lactate dehydrogenase (LDH) activity was measured using a-ketovaleric acid as the substrate [22] . -Glutamyl transferase ( -GT) was measured by the method of [23] . The activities of glutamic-oxalacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) were assayed according to the method that is usually used in clinical examination [24] .
Reactive Oxygen Species. Hydrogen peroxide (H
production was quantified by the method of [25] . In brief, 0.1 mL liver extract was added to an assay mixture containing KCL (1.13 M), 0.1 mL potassium phosphate (150 mM), 0.05 mL MgCl 2 (60 mM), 0.05 mL EDTA (8 mM), 0.1 mL Tris-HCl (200 mM, pH 7.4), and 0.1 mL acetylated ferrocytochrome c (1 mM). The oxidation of ferrocytochrome c, which provides a measure of H 2 O 2 production, was then evaluated at 550 nm, in a spectrophotometer. The H 2 O 2 content of the sample was expressed as mol/min/mg protein.
Lipid Peroxidation (LPO). Lipid peroxidation (LPO)
was determined by the procedure of [26] . Malondialdehyde (MDA), formed as an end product of the peroxidation of lipids, served as an index of the intensity of oxidative stress. MDA reacts with thiobarbituric acid to generate a color Values are expressed as mean ± SD, = 6. The symbol represents statistical significance (ANOVA) from control: * < 0.05.
product that can be measured optically at 532 nm. The level of MDA was expressed as nmol MDA per milligram protein.
Enzymatic Antioxidants.
The activity of catalase (CAT) was assayed by the method of [27] . In this method, dichromate in acetic acid is reduced to chromic acetate when heated in the presence of H 2 O 2 , with the formation of perchloric acid as an unstable intermediate. The chromic acetate thus produced is measured colorimetrically at 610 nm. Superoxide dismutase (SOD) was assayed according to the method of [28] . The unit of enzyme activity is defined as the enzyme required for 50% inhibition of pyrogallol autooxidation. Glutathione peroxidase (GSH-Px) activities were assayed by method of [29] quantifying the rate of oxidation of the reduced glutathione to the oxidized glutathione by H 2 O 2 .
One unit of GSH-Px was defined as the amount that reduced the level of GSH by 1 M in 1 min/mg protein, at 412 nm absorbance.
Apoptosis Assay with TUNEL Staining.
To detect apoptotic cell death, paraffin embedded sections were stained by the TUNEL technique using an in situ apoptosis detection kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China) according to the instructions provided by the manufacturer. The sections were deparaffinized with xylene, rehydrated, and treated with 200 g/mL proteinase K for 15 min at room temperature. Endogenous peroxidase was inactivated by covering the sections with 3% H 2 O 2 in H 2 O for 5 min at room temperature. End-labeling was achieved by catalytically adding residues of digoxigenin-labeled 11-dUTP and dATP to the 3 -hydroxyl ends of DNA with the enzyme TDT. The reaction buffer containing dUTP, dATP, and TDT was applied for 60 min at 37 ∘ C in a humid atmosphere. The digoxigenin was detected immunohistochemically with a digoxigeninspecific peroxidase-conjugated antibody (30 min in a humid atmosphere at room temperature). For the color reaction, metal-enhanced diaminobenzidine was used as substrate. The sections were counterstained with hematoxylin. Positive and negative control sections were included in each sample. And the apoptotic cells were identified based on intense brown nuclear staining and observed under light microscope (IX-71, Olympus, Tokyo, Japan). The data were expressed as the average of apoptotic cell numbers per sample. Apoptotic cells were identified by their brownish staining. The whole area of the section was scanned with the high-power magnification (400x). The apoptotic index was then calculated as follows: AI = (number of apoptotic cells per section/total number of cells per section) × 100%.
Statistical Analysis.
All values are expressed (mean ± SD, = 6) and were compared by one way analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison test. All statistical analyses were carried out using SPSS statistical package 17.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism software version 5.0 (San Diego, USA) was used to determine whether the results of treatments were significantly ( * for < 0.05) or extremely significantly ( * * for < 0.01 and * * * for < 0.001) different from the control groups without BPA.
Results
Body and Liver Weight.
At the beginning of the experiment, rats from different groups showed approximately similar body weight values. The treatment of BPA promoted an increase in the body weight gain when compared to the initial weight of rats. The final body weight of animals from these groups was not statistically different from values from untreated animals (Table 1) . However, no significant changes between rat liver absolute and relative weight of BPA-treated groups were observed.
Reactive Oxygen Species and Lipid Peroxidation.
The effect of BPA treatment on reactive oxygen such as hydrogen peroxide (H 2 O 2 ) in rat liver is presented in Figure 1 (a). BPA treatment significantly increased H 2 O 2 at concentration of 50 mg/kg/day (3.06, * * < 0.01). Lipid peroxidation index in rat liver (MDA) was significantly increased (3.01 and 3.19, resp.; * * < 0.01) in response to BPA 10 and 50 mg/kg/day as compared to the corresponding control (Figure 1(b) ).
Enzymatic Antioxidants.
The activities of the liver antioxidants CAT (10.23, 5.83, and 4.32, resp.) and GSH-Px (1.28, 0.63, and 0.47, resp.) were significantly decreased in a dose-dependent manner in response to BPA treatment as compared to the corresponding control (Figures 2(a) and  2(c) ). However, SOD (14.16, 12.36, and 10.41, resp.) was only changed in the highest dose (Figure 2(b) ). Animals treated with 50 mg/kg/day of BPA showed significant decrease as compared to the corresponding control in the case the activity of CAT, GSH-Px ( * * * < 0.001), and SOD ( * < 0.05), respectively. 
Assay of Liver Function.
Several main biochemical parameters of liver function in liver tissue are assayed to further investigate the effect of BPA on the liver of rat.
Marker Enzymes.
The activities of the liver markers enzymes like glutamic-oxalacetic transaminase (GOT) (144.27, 282.78, and 347.09, resp.), glutamic-pyruvic transaminase (GPT) (116.64, 139.61, and 202.71, resp.), and lactate dehydrogenase (LDH) (171.11, 181.33, and 186.18, resp.) were significantly increased in response to BPA treatment groups as compared to the corresponding control at 10 and 50 mg/kg/day (Figures 3(a) , 3(b), and 3(c)). Activities of GOT were extremely increased at 10 and 50 mg/kg/day ( * * * < 0.001). Activities of GPT were also increased significantly at 10 and 50 mg/kg/day ( * * < 0.01, * * * < 0.001, resp.).
-Glutamyl Transferase ( -GT).
The activities of liver -GT (2.40, 1.26, and 1.13, resp.) were significantly decreased in response to BPA treatment groups as compared to the corresponding control at 2, 10, and 50 mg/kg/day ( * < 0.05, * * < 0.01, and * * * < 0.001, resp.) (Figure 3(d) ).
In Situ Apoptotic Cells Detection (TUNEL).
The TUNEL results of each group are shown in Figure 4 . The light microscopic evaluation of the control group revealed characteristic appearance of normal hepatic tissue (Figure 4(a) ). However, BPA-treated showed that the number of apoptotic cells was significantly increased (46.72%, 32.24 and 15.08%), respectively, in response to BPA 2, 10, and 50 mg/kg/day in the liver compared with the control group (5.07%). In contrast, no TUNEL positive cells were seen in control group. Observed histological changes in liver tissues have shown a dose-dependent increase (Figure 4(e) ).
Discussion
The present research aimed to evaluate whether exposure to BPA induces oxidative stress in the liver of male rats and its contribution to liver diseases. The issue of the effect of graded doses of BPA on liver disease is currently controversial. In the present study, BPA was administered intraperitoneally in corn oil every forty-eight hours for 30 days on male SpragueDawley (SD) rats. Body weight and the weight of liver in BPA-treated rats did not show significant differences when compared to the control group. Interestingly, the liver tissues antioxidant enzymes evaluation seems to have important role in the etiology of ROS and liver damage. The present work shows that the increased hydrogen peroxide (H 2 O 2 ) and lipid peroxidation (LPO) are accompanied by concomitant decrease in the activities of antioxidant enzymes, namely, CAT, GSH-Px, and SOD. In accordance with our finding, Wu et al. demonstrated significant decrease in the levels of GSH and SOD in BPAtreated group; this decrease may indicate liver tissues damage [30] .
LPO is one of the main manifestations of oxidative damage initiated by ROS and it has been linked to the altered membrane structure and enzyme inactivation and excessive damage of cellular macromolecules (protein, lipids, and nucleic acids) has been shown to be a major contributor to the toxicity of contaminants [31] . The increase in LPO reported here may be the result of increased production of free radicals and/or a decrease in antioxidant status. The decrease in activities of the antioxidant enzymes might predispose the liver to increased free radical damage, because CAT and GSH-Px have been considered the primary scavengers of Advances in Toxicology is glucuronidated by liver microsomes [33] , and that glucuronidation was mediated by UGT2B1, an isoform of UGT in rat liver. The metabolites of BPA produced by microsomal Cytochrome P450s showed the enhanced estrogenic activity such as DNA adduct formation with BPA metabolites [34] . Meanwhile, the mechanisms by which SOD-2 can lead to increased cell death have been reported [35] . Also another mechanism for SOD-2 induced apoptosis is through its ability to activate p53 by production of H 2 O 2 [36] .
Our study indicates that BPA may exert liver hyperactivity by oxidative stress involving apoptosis. Liver function test generally evaluates the presence of liver damage or disease. These tests may include -GT, LDH, GOT, and GPT. Furthermore, the biochemical study showed a decrease on -GT activities and increase on LDH, GOT, and GPT may be due to stimulation of hepatic activity [17] . Moreover, increased liver LDH concentration is most often a good marker of necrosis in tissues. LDH is considered a general marker of tissue damage, although certain isoforms (LDH-4 and LDH-5) are more specific to liver or muscle disease. When the liver is damaged they are released in the bloodstream [37] . GOT and GPT are commonly measured clinically as a marker for the liver function; thus the increased GOT and GPT activities in the liver tissue after exposure to BPA in 30 days indicated that gradual dose of BPA could lead to the liver function abnormality [38] . The marked decrease in the activity of -GT in BPA-treated rats indicates a disruption of the regulated mechanism resulting in metabolism disorders and impaired functions of sertoli cells [39] . Thus, it is possible to say that BPA promotes ROS and induced damage in the liver of male rats.
In our present study, we conducted histopathological examination of liver tissues, oxidative stress index, and liver function tests of all treatment groups. BPA-treated groups had marked defects in morphology; it was observed that the liver brown color reaction indicates cells that underwent apoptosis. Moreover, these can quite easily be distinguished from apoptotic cells on morphological grounds, particularly because DNA is broken at late stages of necrosis [39] when morphological alterations are unambiguous (Figure 4 ). These observations may be explained by BPA-induced apoptosis in the liver cell. A greater extent of hepatocytes apoptosis seen in the liver sections from the BPA-treated rats also supported this conclusion.
Whereas apoptosis can be set off by several different stimuli, apoptotic signaling within the cell is transduced mainly via two defined molecular pathways: the death receptor pathway (extrinsic pathway) and the mitochondrial pathway (intrinsic pathway) [40] . The intrinsic pathway is triggered by different extra-or intracellular signals, such as irradiations, oxidative stress, toxins, reactive intermediates of xenobiotic metabolism such BPA, and some chemotherapeutic drugs which induce mitochondrial dysfunction [41] . Mitochondrion functions as controllers of the intrinsic apoptotic pathway of cellular apoptosis and is regulated by the Bcl-2 family proteins, resulting in the release of cytochrome C and other proapoptotic effectors into the cell cytosol ultimately leading to cell death [42] . Cytochrome c release from the mitochondria into the cytosol plays an important role in the regulation of cellular apoptosis and it has been shown to be released through Bax channels [43] .
Our study demonstrated that high dose of BPA not only increases the free radical formation but also decreases its ability to detoxify ROS. So, high dose of BPA induces formation of superoxide radicals and peroxynitrite may cause tissue damage leading to increase in the levels of LPO. As a result, activated caspases induce apoptotic signals, leading to apoptosis and hepatotoxicity in liver tissue.
There is increasing evidence that BPA is a toxic compound. However, the degree of toxicity depends on the dose, time, frequency, individual differences, and age of exposure. The present study may merit discussion. The study design with repeated measurements of serum biomarkers for each treatment provides a good opportunity to evaluate the effects of changes in BPA concentrations on liver function and damage over time followed by a histopathological study. Moreover, BPA increased the activities of the liver biomarker enzymes such as LDH, GOT, and GPT and enhanced ROS generation and LPO. However, it depletes the antioxidant enzymes such as CAT, GSH-Px, SOD, and -GT as liver marker.
In conclusion, the present study provides insight into the mode of action of BPA-induced toxicity in the rat liver. Therefore, our present study is worthwhile and warrants further investigations to elucidate the pathways involved in the increased activity of liver biomarkers, hence liver hyperactivity. Analysis of the liver section provided essential evidence of liver apoptosis. Thus, BPA may disrupt the liver, stimulating damage to it by oxidative stress and apoptosis.
